Abstract-This paper presents a recent development of electronically tunable microwave devices for frequency agile applications such as emerging cognitive radios and ultra-wide band (UWB) wireless systems.
INTRODUCTION
Since the demands for wireless communications increase and become complex, RF front-ends need multi-band or wideband circuits to satisfy several standards of wireless systems, which makes a tunable circuit essential [1, 2] . An adaptive controlled system which can enhance the performances of a wireless system also requires the tunable devices and circuits such as tunable phase shifters and tunable filters. In this paper, we review some our newly developed tunable microwave devices, which are based on new device structures and tuning elements [3] [4] [5] [6] . For example, we have investigated new tunable device structures comprised of variable characteristic impedance (Z C ) transmission line which can be used as a distributed tuning circuit. Demonstrators for this type of tunable devices have been designed, fabricated and tested. Both simulated and experimental results are presented.
In addition to semiconductor tuning elements used, ferroelectric materials are of great interest for the development of electrically tuned microwave components and circuits. Rapid tuning speed, moderate insertion loss at microwave frequencies, high power handling capacity and simple fabrication process make them more attractive. In this paper, as a practical application of ferroelectric materials, we will present some newly developed bandstop filters based on variable capacitors on BST thin film. A tunable bandstop or band reject filter, which is considered as an application of BST varactors in this work, has become more essential for wideband wireless communication systems as it can reduce incoming or emitted unwanted signals effectively. The designs using defected ground structures or electromagnetic bandgap structures will be described. Figure 1 (a) is a unit cell of conventional distributed phase shifter. Overall input impedance should be designed to vary around 50 Ω and its delay will be changed, while variable capacitance devices, such as varactor diodes (D p ), have different values of capacitance (C var1 ). In this case, the return loss can be degraded due to varying C var1 while a transmission line, which is inductive, has a fixed value of Z C . It usually limits the tuning range of phase shifters. If we are able to implement a device in Fig. 1(b) , wider tuning range of phase shifters can be achievable. Fig. 1(c) illustrates how a tunable Z C transmission line can be implemented with conventional devices such as CPW lines and lumped elements. Simulated results show that Z C can be electronically varied from 55 to 100 Ω at the center frequency of 800 MHz, which has higher value of Z C for impedance of a phase shifter. A fabricated tunable phase shifter of this type is photographed in Fig. 2 8 and 10 V respectively. As can be seen the figure of merit increases against V C1 . This is because the capacitance of the varactors used is actually decreased when the bias voltage V C1 increases, resulting in a higher quality factor at a larger V C1 . Using high Q varactors can improve the figure of merit. Also, a higher figure of merit can be obtained if referring to another V C2 . 
TUNABLE PHASE SHIFTER

TUNABLE FILTERS
Tunable Bandstop Filters
A bandstop filter (BSF) is designed at the center frequency of 1.5 GHz with the bandwidth of 20% which has a schematic diagram of Fig. 3(a) . Its resonators can be easily replaced with stepped impedance line resonators of Fig. 3(b) . Their frequency responses are identical at the center frequency. In order to make the circuit tunable, we modified it further as shown in Fig. 3(c) and (d). Whereas Fig. 3 (c) can be straightforwardly realized by connecting varactor chips at the end of shunt stubs, the realization of Fig. 3(d) would be sophisticated. We can change either the electrical length or the characteristic impedance, or both of them as indicated in Fig. 4 . The first method is a capacitive loaded transmission line. It is quite frequently used to implement a phase shifter. The second method is a variable Z C transmission line which could adjust the characteristic impedance of the transmission line with slight change of electrical length described above. Fig. 5(b) , showing a tuning range that is around 10%. This type of BSF has not only good rejection, but also has an advantage to implement a DC bias circuit. In this case, the DC voltage is applied to an additional coupled line instead of a transmission line which is connected with input or output, which reduces spurious response from bias circuitry.
Another newly developed BST-varactor tunable bandstop filter (BSF) is based on a defected or slotted ground structure as shown in Fig. 6(a) . This structure can be explained as a kind of electro- magnetic bandgap (EBG) structure. The BST varactor chips are attached onto the fabricated BSF as illustrated. The fabricated tunable BSF with slotted ground structure has overall dimensions of 5.0 by 2.5 cm 2 . Scattering parameter measurements are performed using Agilent 8510B network analyzer over the frequency range from 0.5 to 2.5 GHz. Fig. 6(b) gives the simulated and measured responses of the bandstop filter in which we can observe that it operates at the center frequency from 1.2 to 1.4 GHz and has the bandwidth 100 MHz. Hence, the measured tuning range is 14%. 
Tunable Bandpass Filters
Figure 7(a) shows a recently developed BST-varactor tunable bandpass filter (BPF). This is a bandwidth-tunable dual-mode ring-resonator bandpass filter, which is designed by adopting a novel tunable circuit based on variable Z C or tunable impedance transmission line. The variable Z C transmission line is used for the perturbation of two degenerate modes which makes the bandwidth of filter adjusted as the value of characteristic impedance of the transmission line. A demonstrator of thin-film BST-based tunable bandpass filter with dual mode ring resonator is fabricated on CPW substrate and measured. Fig. 7(b) gives the simulated and measured responses of the bandpass filter in which we can observe that it operates at the center frequency of around 1.8 GHz and has the adjustable 3-dB bandwidth from 276 MHz to 318 MHz. Hence, the tuning ratio of maximum to minimum bandwidth is 1.15:1 for the given DC bias range.
CONCLUSIONS
Several electronically tunable devices including tunable phase shifters, tunable bandstop and bandpass filters have been presented. It has been shown that the use of the variable Z C transmission line in association with the semiconductor or ferroelectric BST varactors can make the electronic tuning effectively.
